Curing kinetics of epoxy resin/hyperbranched poly(amide amine)s (H-PAMAM) system was studied by non-isothermal and isothermal differential scanning calorimetry (DSC). Non-isothermal DSC scans indicated that H-PAMAM was an effective curing agent of epoxy resin. The apparent activation energy (E) was 54.3 kJ/mol calculated through Kissinger method, and the kinetic parameters were determined by Málek method for the kinetic analysis of the thermal treatment obtained by DSC measurement. A two-parameter (m, n) autocatalytic model (Sěsták-Berggren equation) was found to be the most adequate selected kinetic model. In addition, the predicted curves from the kinetic model fit well with the nonisothermal DSC thermogram. The isothermal DSC method was used to investigate the curing process for resin at 60, 65, 70, 75 and 80 °С, respectively. Isothermal kinetic parameters, including k 1 , k 2 , m and n, were determined based on an autocatalytic mechanism proposed by Kamal. Both models were validated for a fitting to the experimental data by the Levenberg-Marquardt method. A process to determine the initial values for the fitting procedure was also proposed. The predictions of the validated models were in good agreement with the measured data, and were therefore applicable for numerical process optimization.
Introduction
Epoxy resin is one of the most important thermosetting polymers, widely used in adhesives, coatings, electronics, high-performance composite materials, and aerospace industries due to the excellent mechanical and chemical properties, such as high tensile and compressive strength, good chemical resistance, and high heat distortion temperature [1, 2] .
Dendrimers are highly branched, globular macromolecules with many arms emanating from a central core. The stepwise synthesis of dendrimers affords molecules with a highly regular branching pattern, a unique molecular weight or a low polydispersity index, and a well-defined number of peripheral groups [3] . Therefore, dendrimers with perfect branching resulting from stepwise synthetic processes are distinct from the more readily accessed but less well-defined hyperbranched polymers with irregular branching obtained by polymerization processes [4] . Poly(amide amine)s dendrimer has been successfully synthesized and widely used in drug and other related field [5, 6] . Chen et al [7] investigated the curing process of dendritic polymer PAMAM with bis-phenol A epoxy resin using isothermal DSC.
Unfortunately, compared to hyperbranched PAMAM, the synthesized process of dendritic PAMAM is very complex and difficult. If the hyperbranched PAMAM is used in epoxy resin applied in coating industry, it will be more attraction than the Poly(amide amine)s dendrimer. Before its application, it is necessary to study the curing process of the epoxy/H-PAMAM system. The adjustment curing parameter calculated from the kinetic equations allow us to describe the curing formally.
The curing kinetics of epoxy resins with different curing agents has been studied with various techniques such as infrared spectroscopy and thermal analysis by differential scanning calorimetry (DSC) [8] [9] [10] . In this work, the kinetics of epoxy/H-PAMAM was studied by both non-isothermal DSC and isothermal DSC. In order to find the best curing mechanism for the epoxy/H-PAMAM system, Málek method, which is different with other methods without resuming any model of kinetic parameters before calculation, has been used to find the reaction mechanism in the non-isothermal DSC study, and a four parameter semi-empirical equation proposed by Kamal has been chosen to research the curing reactions in the kinetic control stage in the isothermal DSC.
Results and discussion

Characterization of H-PAMAM
In Fig.1 , the strong absorption around 3377cm -1 corresponds to the vibration of N-H. For amide group, the carbonyl absorption is shown in 1650 cm -1 , and the sharp absorption peak of 1568 cm -1 indicates N-H stretching.
The 1 H-NMR spectrum for H-PAMAM is illustrated in Fig. 2 . The chemical shift at δ =1.80~2.30 ppm is assigned to the hydrogen in NH or NH 2 which does not band with C=O. The appearance peaks at 7.90~8.14 ppm account for H on the amide group. Other appearance peaks are indicated as following: δ =2.30~2.50 ppm (COCH 2 ), δ =2.52~2.57 ppm (COCH 2 CH 2 ), δ =2.63~2.69 ppm (CH 2 CH 2 NH 2 ), and δ =3.05~3.16 ppm (NCH 2 ). 
Instruction of Málek method
The basic assumption for the application of DSC technique to the cure of the polymers is that the rate of conversion dα/dt is proportional to the heat flow φ [11] . The conversion rate and curing rate during the curing process can be described as:
where α is the degree of conversion, dα/dt is the cure rate, H t is the reacting heat within time t. dH/dt is the heat rate, and H T is the total heat of the curing reaction of epoxy/H-PAMAM system.
The rate of the kinetic process in kinetic analysis can be described as [12] :
where k(T) is a temperature-dependent reaction rate constant, f(α) denotes the reaction mechanism, and β=dT/dt is a constant heating rate. The rate constant, k(T), is temperature-dependent according to Arrhenius law shown in eq. (4).
where A is the pre-exponential factor, T is the absolute temperature, and E is the apparent activation energy, which can be determined by isoconversional method without assuming the kinetic model function.
According to the Málek method [13] , determination of kinetic model is based on the y(α) and Z(α) functions. Once E has been determined, y(α) (5) and Z(α) (6) must be evaluated.
where x is the reduced activation energy (E/RT); β is the heating rate (K/min); T is the absolute temperature (K) and π(x) is the expression of temperature integral. As was pointed out, π(x) can be described using a fourth order rational expression of Senum and Yang [14] as: 120 240 120 20 96 88 18
The Z(α) and y(α) functions normalized within range 0 to 1. The functions y(α) and Z(α) exhibit maxima at α M and α p ∞ , respectively. Both α M and α p ∞ help to decide the choice of the kinetic model.
On the basis of the Málek method, the function that best describes the mechanism can be chosen from the shape of the plot of the standardized curves y(α) and Z(α) [15] [16] [17] [18] . The maximum α M of the y(a) function and α p ∞ of the Z(α) function suggest the choice of the most suitable kinetic model characterizing the curing process studied. Once the kinetic model has been determined, and using the value of E, other kinetic parameters can be determined, such as the kinetic exponents.
Non-isothermal DSC analysis by Málek method
The curing reaction of epoxy/H-PAMAM was firstly investigated by non-isothermal DSC at four different heating rates as shown in Fig. 3 . From the curves, information about curing reaction such as initial curing temperature (T i ), peak temperature (T p ), and the curing range of the resin at different heating rates can be derived. It shows that the exothermic peak shifts to a higher temperature with higher heating rate. All these data are listed in Table 1 . Kissinger method [20] derives from the correlation between the peak temperature (T p ) and β, and suits for more than four thermal analytical curves of the derivation type. The method is based on a linear relationship between the logarithm of β/T p 2 with the inverse of the peak temperature of the exothermic curing reaction through the following expression:
Tab. 1. Curing characteristics of the epoxy/H-PAMAM system. Taking the data of T p in Table 1 into equation (8), the logarithm plots of heating rate versus the reciprocal of the absolute peak temperature can be given in Fig. 4 . The E value is 54.6 kJ/mol calculated from the slope of the plot. Table 2 lists the values of maxima α M and α p ∞ corresponding to functions y(α) and Z(α) for the epoxy/H-PAMAM system, together with α p taken as the maximum of the DSC peak.
From Table 2 , the values of α M are higher zero and lower against α p ∞ , while α p ∞ exhibits values unequal to 0.633. These special parameters indicate that the studied curing process can be described using the two-parameter autocatalytic kinetics model Sěsták-Berggren (S-B) equation [20] :
where m and n are the kinetic exponents. In a second step, the parameters k, m and n are determined with the help of a nonlinear least-squares fitting (NLSF).The kinetic parameters for differential heating rate are listed in Table 3 . 
Isothermal curing analysis by Kamal model
Isothermal DSC thermograms were recorded at different temperatures from samples containing epoxy/H-PAMAM in the ratio 4:1. The isothermal DSC curve is shown in Fig. 8 .
The curing mechanism which be used in describing the curing process is the autocatalytic model. According to Kamal [21, 22] , the autocatalytic model is:
where α is the conversion, k 1 and k 2 are the apparent rate constants, and m and n are the kinetic exponents of the reactions. The constant k 1 in this equation can be calculated from the initial reaction rate at α = 0 [23] . The kinetic constants are assumed to be of the Arrhenius form, k 1 = A 1 exp(-E 1 /RT) and k 2 = A 2 exp(-E 2 /RT), where A 1 , A 2 are the pre-exponential constants, E 1 and E 2 are the activation energies, R is the gas constant, and T is absolute temperature. Again, curve fit is conducted by the help of nonlinear least-squares fitting (NLSF) method to compute the four parameters k 1 , k 2 , m and n from the experimental data. The results are shown in Table 4 . A plot of conversion against cure time at various temperatures is shown in Fig. 9 . At a given time, the degree of conversion increases with increasing cure temperature. Fig.10 shows that according to the autocatalytic model, the calculated data from the model are in good agreement with the experimental results, too. k 2 was found to be greater than k 1 . A plot of the rate constants, k 1 and k 2 with corresponding temperature gave a straight line (Fig. 11 ). From the slope of the straight line, the associated activation energies Ea 1 and Ea 2 were calculated and found to be 40 kJ/mol and 52 kJ/mol, respectively. Fig. 11 . Rate constants of the curing reaction, k 1 and k 2 versus temperature.
Conclusions
One kind of hyperbranched poly(amide amine)s, H-PAMAM, was synthesized and used to cure the epoxy resin. In the non-isothermal DSC analyses, the curing kinetics could be successfully described with the two-parameter autocatalytic model (Sěsták -Berggren equation). And the overall reaction order was about 2.1. In the isothermal DSC studies, the kinetic parameters were obtained by Kamal model. The rate constant of k 2 was found to be greater than k 1 and the associated activation energies were 40 kJ/mol and 52 kJ/mol respectively. The overall reaction order was about 2.2.
The results indicated that the reaction mechanism for the epoxy/H-PAMAM system was the autocatalytic model.
Experimental
Materials
The diglycidyl ether of bisphenol A type(MW) epoxy resin was used in this study, which was provided by Dongfeng resin plant, China (epoxy values 0.44). Methyl acrylate, methanol and ethylenediamine were analytical grade and used without further purification.
Synthesis of hyperbranched poly(amide amine)s (H-PAMAM)
Curing agent H-PAMAM was synthesized according to the method of Gao et al. [24] . In a round bottom flask, methyl acrylate was added dropwise to the ethylene diamine/methanol solution. The reaction mixture was kept at room temperature for 24-48 h, and then the solvent was removed from the reaction system under reduced pressure at 60 °С on a rotary evaporator. Under vigorous revolving and vacuum distillation, the mixture was kept at 60 °С for 1 h, 100 °С for 2 h, 120 °С for 2-4 h, and finally 135-150 °С for 2-4 h. Pale yellow viscous solid hyperbranched polymers were produced. The figuration of final product is shown in Fig. 12 .
Bisphenol A type(MW) epoxy
The synthesized curing agent (H-PAMAM) Characterization FTIR spectrum was recorded with a KBr pellet containing pure samples on a SHIMADZU IR prestige-21 FTIR spectrophotometer. 1 H-NMR was determined by a Bruker AVANCE Digital 400 MHz.
The DSC studies of the epoxy/H-PAMAM system were carried out using differential scanning calorimeter (DSC, Netzsch 200-PC). Resin and curing agent was mixed at a stoichiometric epoxied/amine ratio (4:1) at room temperature. For the nonisothermal DSC scans, data were recorded with different heating rates (5, 10, 15, and 20 K/min) from 20 to 250 °С.
Isothermal scanning analysis was performed at five different temperatures: 60, 65, 70, 75 and 80 °С. The reaction was considered complete when the rate curve levelled off to the baseline. The total area under the exothermal curve, based on the extrapolated baseline at the end of reaction, was used to calculate the isothermal heat of cure, ΔH.
